INTRODUCTION 43 44
Continental waters play a major biogeochemical role by linking terrestrial and 45 marine ecosystems 1 . Riverine ecosystems receive terrestrial organic carbon, which is mostly 46 processed by microorganisms, stimulating the conversion of terrestrially derived organic 47 matter (TeOM), which can be recalcitrant, to carbon dioxide 2-4 . Therefore, riverine 48 microbiomes should have evolved metabolisms capable of degrading TeOM. Even though the 49 gene repertoire of river microbiomes can provide crucial insights to understand the links 50 between terrestrial and marine ecosystems, as well as the fate of organic matter synthesized 51 on land, very little is known about the genomic machinery of riverine microbes that degrade 52
TeOM. 53
Microbiome gene catalogues allow the characterization of the functional repertoire, 54 linking genes with ecological function and ecosystem services. Recently, large gene 55 catalogues have been produced for the global ocean 5-7 , soils 8 and animal guts 9,10 . In 56 particular, ~40 million genes have been reported for the global ocean microbiome 7 and ~160 57 million genes for the global topsoil microbiome 8 . 58
So far, there is no comprehensive gene catalogue for rivers, which hinders our 59 comprehension of the genomic machinery that degrade almost half of the 1.9 Pg C of 60 recalcitrant TeOM that are discharged into rivers every year 1 . This is particularly relevant in 61 tropical rainforests, like the Amazon forest, which accounts for ~10% of the global primary 62 production, fixating 8.5 Pg C per year 11,12 . The Amazon River basin comprises almost 38% 63 of continental South America 13 and its discharge accounts for 18% of the world's inland-64 water inputs to the oceans 14 . Despite its relevance for global scale processes, there is a limited 65 understanding of the Amazon River microbiome, as well as microbiomes from other large 66 tropical rivers. 67 4 The large amounts of organic and inorganic particulate material 15 turns the Amazon 68 River into a turbid system. High turbidity reduces light penetration and, consequently, the 69 Amazon River has very low rates of algal production 16 , meaning that the dissolved organic 70 carbon cycling at the terrestrial-aquatic interface is the major carbon source for microbial 71 growth 17 . High respiration rates in Amazon River waters generate a super-saturation that 72 leads to CO2 outgassing to the atmosphere. Overall, Amazon River outgassing accounts for 73 0.5 Pg C per year to the atmosphere 18 , almost equivalent to the amount of carbon sequestered 74 by the forest 11, 12 . Despite the predominantly recalcitrant nature of the TeOM that is 75 discharged into the Amazon River, heterotrophic microbes are able to degrade up to 55% of 76 the lignin produced by the rainforest 19, 20 . The unexpectedly high degradation rates of some 77
TeOM compounds in the river was recently explained by the availability of labile compounds 78 that promote the degradation of recalcitrant ones, a mechanism known as priming effect, 79 which has been observed in incubation experiments 20 . 80
Determining the repertoire of gene-functions in the Amazon River microbiome is one 81 of the key steps to understand the mechanisms involved in the degradation of complex TeOM 82 produced by the rainforest. Given that most TeOM present in the Amazon River is lignin and 83 cellulose 19-23 , the functions associated to their degradation were expected to be widespread in 84 the Amazon microbiome. Instead, these functions exhibited very low abundances 24-26 , 85 highlighting our limited understanding of the enzymes involved in the degradation of lignin 86 and cellulose in aquatic systems. 87
Cellulolytic bacteria use an arsenal of enzymes with synergistic and complementary 88 activities to degrade cellulose. For example, glycosyl-hydrolases (GHs) catalyze the 89 hydrolysis of glycoside linkages, polysaccharide esterases support the action of GHs over 90 hemicelluloses, and polysaccharide lyases promote depolymerisation 27,28 . In contrast, lignin is 91 more resistant to degradation 29 , since its role is preventing microbial enzymes from degrading 92 5 labile cell-wall polysaccharides 30 . The microbial production of extracellular hydrogen-93 peroxide, a highly reactive compound, is the first step of lignin oxidation mediated by 94 enzymes, like lignin peroxidase, manganese-dependent peroxidase and copper-dependent 95 laccases 31 . Lignin oxidation also produces a complex mixture of aromatic compounds, which 96 compose the humic fraction of dissolved carbon detected in previous studies in the Amazon 97 River mainstream 21,22 . Lignin degradation tends to occur in oxic waters of the Amazon River, 98 using the hydrogen peroxide produced by the metabolism of cellulose and hemicellulose 32 . 99 Therefore, a higher amount of lignin degradation genes is expected in oxic waters. 100
Here, we produced the first gene catalogue of the world's largest rainforest river by 101 analyzing 106 metagenomes (~500 x10 9 base pairs), originating from 30 stations covering a 102 total of ~ 2,106 km, from the upper Solimões River to the Amazon River plume in the 103 Atlantic Ocean. This gene catalogue was used to uncover and examine the genomic 104 machinery of the Amazon River microbiome to metabolize large amounts of carbon 105 originating from the surrounding rainforest. Specifically, we ask: How novel is the gene 106 repertoire of the Amazon River microbiome? Which are the main functions associated to 107 TeOM degradation? Do TeOM degradation genes and functions have a spatial distribution 108 pattern? Is there any evidence of priming effect in TeOM degradation? 6 longer than 150 bp, allowing also for alternative initiation codons. After redundancy 118 elimination through clustering genes with an identity >95% and an overlap >90% of the 119 shorter gene, the Amazon river basin Microbial non-redundant Gene Catalogue (AMnrGC) 120 included 3,748,772 non-redundant genes, with half of the genes with a length ≥867 bp. About 121 52% of the AMnrGC genes were annotated with at least one database ( Fig. 1b) , while ~86% 122 of the annotated genes were simultaneously annotated using two or more different databases. 123
The gene and functional diversity recovered seemed to be representative of the total diversity 124 present in the sampling sites, as indicated by the accumulation curves, which tended towards 125 saturation ( Fig. 1c) . 126 127
Patterns in the metagenomic composition of microbiomes 128
We compared the metagenomic information contained in the Amazon River 129 microbiome with that of Amazon rainforest soil and other rivers (Canada watersheds and 130
Mississippi river). The k-mer comparison of microbiomes indicated they are different 131 ( Fig.1d ), forming groups of heterogenous composition (significant β dispersion [that is, 132 average distance of samples to the group centroid] -PERMUTEST, F = 25.7, p < 0.001). The 133 metagenomic content of Amazon basin samples was different to the other compared 134 microbiomes (PERMANOVA, R 2 = 0.10, p = 9.99x10 -5 ; ANOSIM, R = 0.27, p < 0.001), 135 which suggests that this basin, or tropical rivers in general, contain specific gene repertoires. 136
The metagenomic composition of the five sampled sections of the Amazon River (Upstream, 137 Downstream, Estuary, Plume and Ocean) were significantly different (PERMANOVA test, F 138 = 1.52, p < 9.9e-5), indicating that they do represent different assemblages from a genetic 139 perspective. Each of these groups was considered homogenous, since there was a non-140 significant β dispersion (F = 2.3, p = 0.063) among metagenomic samples in each group 141 ( Supplementary Fig. 1 ). 142 7 Gene identification 143 About 48% of the AMnrGC genes could not be annotated, due to lack of orthologs. 144
Besides, even though ~1.6% of the genes in the AMnrGC were previously found in 145 metagenomic studies, they were poorly characterized, without being assigned to a particular 146 taxon (here referred to as "Metagenomic" genes; Fig. 1b ). Genes annotated exclusively 147 through Hidden Markov Models (HMM) represented 13.3% of AMnrGC ( Fig. 1b) . As the 148 annotation using HMM profiles does not rely on direct orthology to specific sequences, but 149 on orthology to a protein family (which may include mixed taxonomic signal), we could not 150 assign taxonomy to those genes and they are referred as "Unassigned genes" (Fig. 1b) . which can be processed through several biochemical steps (also called funneling pathways) 207 until being converted into vanilate or syringate. These compounds can be processed through 208 the O-demethylation/C1 metabolism and ring cleavage pathways to form pyruvate or 209 oxaloacetate, which can be incorporated to the TCA cycle of the cells, generating energy. The 210 genes identified in the AMnrGC belonging to these pathways were examined. 211
All known functions taking place in the metabolism of lignin-derived aromatic 212 compounds were found in the AMnrGC, except the gene ligD, a Cα-dehydrogenase for αR-213 isomers of β-aryl ethers. The complete degradation pathway of lignin-derived compounds 214 ( Supplementary Fig. 2d ) included 772 and 449 genes belonging to funneling pathways of 215 diaryls and monoaryls, respectively. Examination of the pathways starting with vanilate and 216 syringate revealed 346 genes responsible for the O-demethylation and C1-metabolism steps, 217 10 while 713 genes seemed responsible for the ring-cleavage pathway. Almost 47% of all genes 218 related to the degradation of lignin-derived compounds in the AMnrGC belonged to 4 gene 219 families (ligH, desV, phcD or phcC). These genes represent the main steps of intracellular 220 lignin metabolism, which are, 1) funneling pathways leading to vanilate/syringate, 2) O-221 demethylation/C1 metabolism and 3) ring cleavage. 222
We evaluated whether genes associated to TeOM degradation had a spatial 223 distribution pattern along the river course. For this, we used the linear geographic distance of 224 samples from the Amazon River source in Peru as a reference. Distance was negatively 225 correlated with the number of genes associated to lignin oxidation, hemicellulose 226 degradation, ring cleavage pathway, tripartite tricarboxylate transporting and the AAHS 227 transporters (Fig. 3) . This suggests a potential reduction of the microbial gene repertoire 228 related to lignin processing as the river approaches the ocean. 229
The gene machinery associated to the processing of lignin-derived aromatic 230 compounds was positively correlated to lignin oxidation along the river course ( Fig. 3) , 231 suggesting a co-processing of lignin and its byproducts. Lignin oxidation and hemicellulose 232 degradation pathways were positively correlated ( Fig. 3) , supporting the idea that monomers 233 of hemicellulose, mainly carbohydrates, could be priming lignin oxidation. Cellulose 234 degradation was not correlated with lignin oxidation, but had a weak positive correlation to 235 hemicellulose degradation ( Fig. 3) , suggesting a coupling between both pathways. 236
We did not find correlations between the different types of funneling pathways 237 (FP_Dimers and FP_Monomers) and the linear geographic distance along the river course 238 ( Fig. 3) . This indicates that the degradation of lignin-derived aromatic compounds was not 239 restricted to any river section. Moreover, the number of genes related to hemi-/cellulose 240 degradation was positively correlated to lignin-derived aromatic compounds degradation 241 pathways, revealing a potential co-metabolism of lignin-derived compounds and hemi-242 /cellulose degradation, instead of lignin-oxidation. 243
244
Transporters 245
Lignin-derived aromatic compounds need to be transported from the extracellular 246 environment to the cytoplasm prior to their degradation. Transporters that could be associated 247 to lignin degradation (MFS transporter, AAHS family and ABC transporters) were found in 248 the AMnrGC, while transporters from the MHS family, ITS superfamily and TRAP could not 249 be found. MFS transporters were not correlated to any of the other examined pathways. 250 AAHS transporters were negatively correlated to linear geographic distance, while the other 251 transporter families did not show any type of correlation with distance ( Fig. 3) . Furthermore, 252 AAHS and ABC transporters showed positive correlations to the funneling pathway of 253 monoaryls, suggesting their transport by those transporter families. ABC transporters were 254 positively correlated to O-demethylation and C1 metabolism, while AAHS and ABC 255 transporters were correlated to the ring cleavage pathway. This suggests that ABC and AAHS 256 transporters are relevant for the metabolism of monoaryls derived from lignin oxidation. 257
The tripartite tricarboxylate transporting (TTT) system was correlated to the 258 processing of allochthonous organic material in the Amazon River. Three proteins compose 259 this system, where one is responsible of capturing substrates in the extracellular space and 260 bringing them to the transporting channel made by the other two proteins, which recognize 261 the substrate binding protein and internalize the substrate. Interestingly, there is a huge 262 diversity associated to the substrate binding proteins, since each protein is specific to one or a 263 few substrates. Furthermore, the TTT system displayed a negative correlation with the linear 264 geographic distance, suggesting its predominance in freshwaters sections (Fig. 3) . 265 12
The TTT system was positively correlated to AAHS and ABC transporters ( Fig. 3 ) 266 suggesting functional complementarity, as the TTT would transport substrates not transported 267 by the other transporter families. Furthermore, the TTT transporters showed a positive 268 correlation with lignin oxidation and hemicellulose degradation, suggesting either the 269 transport of the products of those processes by TTT family or a dependence of compounds 270 transported by it. the Amazon rainforest soil. This suggests that evolutionary processes may have generated 281 such diversity via local adaptation, although more samples from other rivers throughout the 282 world would be necessary to test this hypothesis fully. 283
As expected, COG functions within the superclass "Metabolism" were the most 284 abundant in the AMnrGC as well as in the upper Mississippi River 34 . A large fraction of these 285 functions likely represents "core functional traits" shared across the tree of life. This was 286 supported by the similar distribution of COGs along different sections of the Amazon River, 287 which also points to "core functional traits" that are conserved throughout the river course. A 288 set of core functions was also reported for the Mississippi River 34 as well as for the global 289 Ocean 7 . 290
13
We observed a subset of gene functions present in fresh-and brackish water 291 sections, pointing to common core functions present along the Amazon River basin. Yet, 292 other genes displayed a heterogeneous distribution, pointing to salinity as a structuring 293 variable. Salinity is known to affect microbial spatiotemporal distribution, and jumps across 294 the salinity barrier are rare evolutionary events 35 . The plume section displayed higher gene 295 diversity than the ocean, probably reflecting the coalescence of freshwater and marine 296 microbial communities and their different genes 36 . 297
Core functions included a general carbohydrate metabolism and several transporter 298 systems, mainly ABC transporters. This suggests a sophisticated machinery to process TeOM 299 in the Amazon River, where TeOM degradation appears more related to acetogenic and 300 methanotrophic pathways. This agrees with previous findings 24 , indicating a high expression 301 of C1 metabolism genes (methane monooxygenase -mmoB and formaldehyde activating 302 enzyme -fae). The non-core pathways suggest adaptations to a complex environment, 303 including multiple genes related to xenobiotic biodegradation and secondary metabolism (that 304 is, the production and consumption of compounds not directly related to cell survival). 305
Lignin-derived aromatic compounds need to be transported from the extracellular 306 milieu to the cytoplasm to be degraded, and different transporting systems can be involved in 307 this process 37,38 . In particular, previous studies showed that the TTT system was present in 308 high quantities in the Amazon River, and this was attributed to a potential degradation of 309 allochthonous organic matter 33 . Recent findings also suggest a TTT system related to the 310 transport of TeOM degradation byproducts 39, 40 . Little is known about these transporters, but 311 our findings indicate that TTT is an abundant protein family in the Amazon River, suggesting 312 that tricarboxylates are a common carbon source for prokaryotes in these waters. Our results 313 suggest that the TTT transporters could be linked to lignin oxidation and hemicellulose 314 degradation, supporting their role in TeOM degradation. 315 14 Based in our findings, we propose a model of the potential priming effect acting in 316 ligno-cellulose complexes from the Amazon River (Fig. 4) . In this model, there are two 317 different communities co-existing in a consortium: one responsible for hemi-/cellulose 318 degradation and another one responsible for lignin degradation. The first community releases 319 extracellular enzymes (mainly glucosyl hydrolases from families GH3 and GH10), whose 320 reaction produces carbohydrates. These sugars can provide structural carbon and energy for 321 themselves and for the lignin degrader community. The lignolytic community can also use 322 the cellulolytic byproducts to growth, promoting an oxidative metabolism. This oxidative 323 metabolism triggers the production and secretion of reactive oxygen species (ROS). We analyzed 106 metagenomes 45-48 from 30 stations distributed along the Amazon 335 river basin, with an average coverage of 5.0x10 9 base pairs per metagenome (standard 336 deviation of 7.3x10 9 bp / metagenome). The stations from Solimões River and lakes in the 337 Amazon River course, located upstream from the city of Manaus, until the Amazon River's 338 plume in the Atlantic Ocean covered ~2,106 Km and were divided into 5 sections (Fig. 1a,  339 Supplementary Table 2 ). These sections were: 1) Upstream section (upstream Manaus city); 15 2) Downstream section (placed between Manaus and the start of the Amazon River estuary. It 341 includes the influx of particle-rich white waters from the Solimões River as well as the influx 342 of humic waters from Negro River 49,50 ), 3) Estuary section (part of the river that meets the 343 Atlantic Ocean) and 4) Plume section (the area where the Ocean is influenced by the Amazon 344
River inputs). 345
Samples were taken as previously indicated [45] [46] [47] [48] . Depending on the original study, 346 particle-associated microbes were defined as those passing the filter of 300 µm mesh-size and 347 being retained in the filter of 2 -5 µm mesh-size. Free-living microbes were defined as those 348 passing the filter of 2 -5 µm mesh-size, being retained in the filter of 0.2 µm mesh-size. 349 DNA was extracted from the filters as previously indicated [45] [46] [47] [48] 
Metagenome processing 355
Illumina adapters and poor quality bases were removed from metagenomes using 356 Cutadapt 51 . Only reads longer than 80 bp, containing bases with Q ≥ 24, were kept. The 357 quality of the reads was checked with FASTQC 52 . Reads from metagenomes belonging to the 358 same station were assembled together using MEGAHIT (v1.0) 53 , with the meta-large presets. 359
Only contigs > 1 Kbp were considered, as recommended by previous work 54 . Assembly 360 quality was assessed with QUAST 55 . 361 362
Analysis of k-mer diversity over different environments 363
A k-mer diversity analysis was used to compare the genetic information in the 364 Amazon River microbiome against that in other microbiomes from Amazon forest soil or 365 temperate rivers ( Supplementary Table 3 ). Specifically, the Amazon River metagenomes 366 (106) were compared against 37 metagenomes from the Mississippi River 56 , 91 367 metagenomes from three watersheds in Canada 57 , and 7 metagenomes from the Amazon 368 forest soil 58 . The rationale to include soil metagenomes was to check whether genomic 369 information in the river could derive from soils. K-mer comparisons were run with SIMKA 370 The quality-trimmed sequencing reads were mapped to our non-redundant gene 388 catalogue using BWA (version 0.7.12-r1039) 65 and SamTools (version 1.3.1) 66 . Gene 389 abundances were estimated using the software eXpress (version 1.5.1) 67 , with no bias 390 correction, as the equivalent to transcripts per million (TPM) [Note that even though we use 391 the common acronym TPM for simplicity, we have always used reads, no transcripts] . We 392 used a TPM ≥ 1.00 for a gene to be present in a sample, and an average abundance higher 393 than zero (µTPM > 0.0) for a gene to be present in a river section or water type (freshwater, 394 brackish water or the mix of them in the plume). The genes found using the above mentioned strategy were submitted to PSORT 455 v.3.0 80 , to determine the protein subcellular localization (cytoplasm, secreted to the outside, 456 inner membrane, periplasm, or outer membrane). We carried out predictions in the three 457 possible taxa (Gram negative, Gram positive and Archaea), and the best score was used to 458 determine the subcellular localization. Genes assigned to an "unknown" location, as well as 459 those with a wrong assignment were eliminated (for example, genes known to work in 460 extracellular space that were assigned to the cytoplasmic membrane). 
